Several studies support the hypothesis that chronic diseases in adulthood might be triggered by events that occur during fetal development. This study examined the consequences of perinatal salt intake on blood pressure (BP) and carbohydrate and lipid metabolism in adult offspring of dams on high-salt [HSD; 8% (HSD2) or 4% (HSD1)], normal-salt (NSD; 1.3%), or low-salt (LSD; 0.15% NaCl) diet during pregnancy and lactation. At 12 wk of age, female Wistar rats were matched with adult male rats that were fed NSD. Weekly tail-cuff BP measurements were performed before, during, and after pregnancy. After weaning, the offspring received only NSD and were housed in metabolic cages for 24-h urine collection for sodium and potassium and nitrate and nitrite excretion measurements. At 12 wk of age, intra-arterial mean BP was measured, a euglycemic-hyperinsulinemic clamp was performed, and plasma lipids and nitrate and nitrite concentrations were determined. Tail-cuff BP was higher during pregnancy in HSD2 and HSD1 than in NSD and LSD dams. Mean BP (mm Hg) was also higher in the offspring of HSD2 (110 Ϯ 5) and HSD1 (107 Ϯ 5) compared with NSD (100 Ϯ 2) and LSD (92 Ϯ 2). Lower glucose uptake and higher plasma cholesterol and triacylglycerols were observed in male offspring from LSD dams (glucose uptake: HSD2 17 Ϯ 4, HSD1 15 Ϯ 3, NSD 11 Ϯ 3, LSD 4 Ϯ 1 mg · kg Ϫ1 · min Ϫ1 ; cholesterol: HSD2 62 Ϯ 6, HSD1 82 Ϯ 11, NSD 68 Ϯ 10, LSD 98 Ϯ 17 mg/dL; triacylglycerols: HSD2 47 Ϯ 15, HSD1 49 Ϯ 12, NSD 56 Ϯ 19, LSD 83 Ϯ 11 mg/dL). In conclusion, maternal salt intake during pregnancy and lactation has long-term influences on arterial pressure, insulin sensitivity, and plasma lipids of the adult offspring. (Pediatr Res 56: 842-848, 2004) Abbreviations BP, blood pressure HSD, high-salt diet HR, heart rate LSD, low-salt diet MBP, mean blood pressure NSD, normal-salt diet NOx, nitrate plus nitrite RAS, renin-angiotensin system tcBP, tail-cuff blood pressure Almost two decades ago, Barker and Osmond (1) proposed that ischemic heart disease could be triggered by events that occur during fetal life and early childhood (1). They showed an association between poor living standard during the perinatal period and ischemic heart disease in adulthood. This lifestyle possibly goes along with intrauterine growth retardation. Despite criticisms about the validity of their observations (2), the association between low birth weight and adult diseases is now further supported by several studies with similar findings (3-6). Moreover, the understanding of the mechanisms of this association represents a challenge for investigators in this area.
Almost two decades ago, Barker and Osmond (1) proposed that ischemic heart disease could be triggered by events that occur during fetal life and early childhood (1) . They showed an association between poor living standard during the perinatal period and ischemic heart disease in adulthood. This lifestyle possibly goes along with intrauterine growth retardation. Despite criticisms about the validity of their observations (2) , the association between low birth weight and adult diseases is now further supported by several studies with similar findings (3) (4) (5) (6) . Moreover, the understanding of the mechanisms of this association represents a challenge for investigators in this area.
Intrauterine growth is controlled by a complex interplay of maternal and fetal factors, including circulatory, endocrine, and metabolic systems (7) . An increasing number of studies have shown that small modifications in fetal growth may have profound consequences in later life (8 -10) .
Protein or caloric restriction of dams during pregnancy and fetal exposure to glucocorticoid excess are the most frequently studied models of intrauterine growth retardation with consequences in adult life, such as hypertension and type 2 diabetes (11) (12) (13) (14) (15) (16) . Among the few studies on the effect of dietary salt intake during the perinatal period in adult offspring, Contreras et al. (17) , using Sprague-Dawley rats, showed that mean arterial pressure is higher in adult offspring from dams that received a high-salt diet during pregnancy. According to the authors, sodium overload during this early period of development may induce important adaptations, especially in the renin-angiotensin system (RAS). In a study performed by Di Nicolantonio et al. (18) , lower blood pressure (BP) was observed in adult spontaneous hypertensive rats (SHR) that were born of dams that were fed a sodium-restricted diet during pregnancy. Roy-Clavel et al. (19) also showed that sodium restriction during the perinatal period in Sprague-Dawley rats is related to reduced maternal plasma volume and low birth weight in the offspring (19) . However, the possible association between salt intake during the perinatal period and insulin resistance in adult offspring is still an unresolved issue.
To better understand the short-and long-term consequences of dietary NaCl content during the perinatal period, we evaluated the effects of chronic salt overload and restriction during pregnancy and lactation in Wistar rats on insulin sensitivity in adult offspring. The effects of maternal salt intake during the perinatal period on urinary nitrate and nitrite (NOx) excretion immediately after weaning and on body weight, BP, plasma lipid profile, vascular reactivity, and plasma NOx in adulthood were also measured.
METHODS
The Ethics Committee of the University of São Paulo School of Medicine, Brazil, approved all experiments herein.
Maternal groups. Female Wistar rats (eight animals per group) from the Institutional Animal Facility were fed a regular rat diet from weaning until 8 wk of age. From thereon, until the end of the experiment, they received a low-salt (LSD; 0.15% NaCl; Harlan Teklad), normal-salt (NSD; 1.3%), high-salt 1 (HSD1; 4%), or high-salt 2 (HSD2; 8% NaCl) diet. All diets had 25% protein content. The animals were housed under controlled conditions of temperature (25°C) and lighting (lights on at 0600 h and lights off at 1800 h) with free access to food and tap water. Body weight was evaluated once a week since weaning. At 12 wk of age, they were matched with male adults that were fed NSD. Weekly tail-cuff blood pressure (tcBP) measurements were performed before, during, and after pregnancy. Blood samples were collected from the tail vein after overnight fasting before and at the end of each week of gestation for glucose and insulin determinations. For food intake determinations, an additional group of pregnant rats were studied. The animals were housed in metabolic cages at day 10 of gestation. Food intake was measured during 24 h after 2-3 d of adaptation to the new environment.
Offspring groups. After birth, only eight pups (four male and four female) were kept with their mothers. In the exceeding animals (pups with the lowest and highest birth weight), blood samples were obtained by decapitation, within the first 24 h after birth in nonfasting condition, for determination of neonatal glucose levels. After weaning, all offspring received NSD. Body weight was evaluated three times a week from birth until weaning and once a week thereafter. Immediately after weaning, some of the offspring was housed in metabolic cages for 24-h urine collection for sodium and potassium and nitrate and nitrite (NOx) excretion measurement. Urine collection was performed in animals with no access to food but with free access to water. HCl 6 N was added to the urine collector to avoid bacterial growth. At 12 wk of age, blood samples were collected from the tail vein after overnight fasting for determination of total cholesterol, triacylglycerols, and NOx levels. Two days after blood collection, catheters were inserted under anesthesia (pentobarbital, 50 mg/kg body weight) into the jugular vein and carotid artery for blood pressure measurements and to perform a euglycemic-hyperinsulinemic clamp. Vascular reactivity (BP response to phenylephrine) was evaluated in an additional group of offspring.
TcBP. TcBP measurements were performed in heated, conscious animals using an oscillometric method (Harvard Indirect Rat Tail Blood Pressure Monitor; Harvard Apparatus Ltd, Edenbridge, Kent, England). All animals were previously trained to become accustomed to the method.
Intra-arterial mean BP. At 12 wk of age, mean BP (MBP) and heart rate (HR) were measured in conscious, freely moving animals through the carotid artery after 3-5 d of recovery from the surgery to allow the recovery of presurgical body weight. The catheter was attached to a pressure transducer (model CDX III; Argon Instruments, Athens, TX) that was connected to an amplifier (GPA-4 model 2, Stemtech, Menomonee Falls, WI) that provided the analog BP signal, which was digitized by a computer-based monitoring system (DATAQ Instruments, Akron, OH). The average of MBP determinations during 10 min was used for calculations.
Euglycemic-hyperinsulinemic clamp. On the same day of body weight and MBP determination, a euglycemichyperinsulinemic clamp was performed after 6 h of fasting with free access to water, in freely moving and conscious animals. Briefly, after blood sample collection for determination of basal glucose and insulin levels, a continuous infusion of regular human insulin (3.0 mU · kg Ϫ1 · min Ϫ1 ; Actrapid, Novo Nordisk A/S) was performed through the jugular catheter during 2 h. Insulin was diluted in 26.61 M of BSA solution. For maintaining serum glucose levels similar to basal values, a glucose infusion (1.11 mM D-glucose) was started 5 min after the beginning of the insulin infusion through the jugular vein. The infusion rate was corrected by a servo-controlled negative feedback principle based on plasma glucose that was measured every 5 min. Plasma insulin determinations were performed at 90, 105, and 120 min after the clamp start for confirmation of the steady state. The amount of glucose infused during the steady state was considered as the peripheral glucose uptake. Experiments in which the coefficient of variation of blood glucose or insulin during the steady state was Ͼ10% were excluded.
Vascular reactivity. Vascular reactivity was evaluated by changes in MBP and HR after injection of five bolus doses of 843 FETAL PROGRAMMING OF INSULIN RESISTANCE phenylephrine in random order (0.33, 1.0, 3.3, 10, and 33 g/mL) given intravenously (0.1 mL). Before each injection, baseline of arterial pressure and HR were recorded for at least 10 min. The injections were not repeated until MBP and HR had returned to baseline levels. The doses used represent the midrange of the dose-response curve for phenylephrine based on a previous study (20) .
Pancreatic islet isolation and incubation. Rat pancreatic islets were isolated from 12-wk-old male offspring as describe by Lacy and Kostianovsky (21) . Three experiments using 10 groups of five islets were performed. The islets were incubated at 37°C for 60 min in 0.5 mL of Krebs-Henseleit buffer (115 mM of NaCl, 24 mM of NaHCO 3 , 5 mM of KCl, 1 mM of MgCl 2 , and 0.2 g/dL of BSA). In each experiment, 10 groups were incubated in the presence of 5.6 mM of glucose and 10 groups in the presence of 16.7 mM of glucose. At the end of the experiment, the medium was collected for insulin assay.
Storage of blood samples. All blood samples were centrifuged immediately after collection, and the plasma was collected and stored at Ϫ70°C until assayed. Urine samples were stored at Ϫ20°C.
Data analysis. Urine and plasma NOx concentrations were determined by the Griess reaction after treating the samples with nitrate reductase (22) . Plasma glucose concentration was measured using a glucometer (Advantage; Eli Lilly do Brasil Ltda, São Paulo, Brazil). Insulin was measured by RIA kits for rat insulin (Linco Research, St. Charles, MO). Plasma total cholesterol and triacylglycerols were determined by a commercially available kit (Roche Diagnostics, Indianapolis, IN).
Statistical analysis. Values are expressed as means Ϯ SD. Comparison between two means was made by unpaired t test and between three or more means by one-way ANOVA followed by Tukey post hoc test. The effect of time and salt consumption on body weight and tcBP was evaluated by two-way ANOVA followed by Bonferroni's post hoc test. Slope of tcBP during pregnancy was calculated by linear regression. Null hypothesis was rejected at p Ͻ 0.05.
RESULTS

Maternal groups.
Body weight was not different among maternal groups during the whole follow-up period (Fig. 1) ; however, tcBP was higher (ANOVA, dietary effect, p Ͻ 0.05) before, during, and after pregnancy in HSD1 and HSD2 compared with NSD and LSD groups. The slope of BP's fall during pregnancy was also smaller (p Ͻ 0.05) in HSD1 and HSD2 than in NSD and LSD groups (Fig. 2) .
Daily food intake (g/d per rat) evaluated during the week before mating (n ϭ 5-10/group) and during the second week of gestation (n ϭ 6 -9/group) showed no differences among the four maternal groups (before pregnancy: HSD2 14. Fasting plasma glucose and insulin levels were not different among the four groups before pregnancy. However, during the 3 wk of gestation, female rats that received LSD showed higher (p Ͻ 0.05) plasma glucose and insulin when compared with the other groups (Table 1) .
Offspring groups. Birth weight (g) was lower (p Ͻ 0.05) in both male and female offspring (n ϭ 8 animals/group) from LSD dams compared with the other groups (male rats: HSD2 6.3 Ϯ 0.2, HSD1 6.5 Ϯ 0.3, NSD 6.7 Ϯ 0.3, LSD 5.2 Ϯ 0.3; female rats: HSD2 6.2 Ϯ 0.4, HSD1 6.3 Ϯ 0.5, NSD 6.6 Ϯ 0.4, LSD 5.0 Ϯ 0.6). Neonatal plasma glucose (mg/dL) was lower (p Ͻ 0.05) in male offspring from LSD and NSD compared with HSD2 and HSD1 groups (male rats: HSD2 76 Ϯ 10, n ϭ 10; HSD1 78 Ϯ 7.6, n ϭ 9; NSD 61 Ϯ 8, n ϭ 15; LSD 57 Ϯ 7.8, n ϭ 8). No differences between groups were observed among female offspring (female rats: HSD2 74 Ϯ 12, n ϭ 9; HSD1 73 Ϯ 12, n ϭ 11; NSD 70 Ϯ 11, n ϭ 11; LSD 70 Ϯ 6 n ϭ 8).
Body weight evaluated three times a week, from birth until weaning, was lower in male LSD offspring at 3, 5, 8, and 21 d of life (Fig. 3) . Body weight was also lower in female LSD offspring at 3, 5, 8, 10, 12, 15, and 17 d of life (Fig. 3) . Body weight (g) evaluated at 12 wk of age (n ϭ 6/group) was similar among the four dietary groups (male rats: HSD2 432 Ϯ 28, HSD1 425 Ϯ 30, NSD 430 Ϯ 17, LSD 440 Ϯ 15; female rats: Twenty-four-hour urinary sodium excretion was lower (p Ͻ 0.05) and 24-h urinary potassium excretion was higher (p Ͻ 0.05) in male and female offspring from LSD dams at 3 wk of age compared with NSD, HSD1, and HSD2 groups, whereas NOx urinary excretion was higher (p Ͻ 0.05) in male and female HSD2 compared with NSD offspring (Table 2) .
Intra-arterial mean BP (n ϭ 8/group, mm Hg), evaluated at 12 wk of age, was directly proportional to the amount of salt in the diet during pregnancy and lactation, being higher (p Ͻ 0.05) in male and female offspring of HSD2 and HSD1 groups and lower (p Ͻ 0.05) in male and female offspring of the LSD group (male rats: HSD2 110 Ϯ 5, HSD1 107 Ϯ 5, NSD 100 Ϯ 2, LSD 92 Ϯ 2; female rats: HSD2 112 Ϯ 5, HSD1 110 Ϯ 3, NSD 103 Ϯ 3, LSD 98 Ϯ 4).
In male offspring, glucose uptake (mg · kg Ϫ1 · min Ϫ1 ), a measure of insulin sensitivity, evaluated at 12 wk of age also showed a direct association with the amount of salt consumed by the mothers, being lower (p Ͻ 0.05) in the LSD group and a tendency for higher glucose uptake in the HSD2 group when compared with the other groups. No differences in insulin sensitivity were observed among the female groups (Fig. 4) .
Higher plasma cholesterol and triacylglycerols (p Ͻ 0.05, mg/dL) were detected in male LSD offspring (cholesterol: The vascular reactivity (BP increase, mm Hg), evaluated in 12-wk-old offspring, was also not influenced by the degree of perinatal salt consumption, both in male (n ϭ 3-4/group) and female rats (n ϭ 4 -7/group; male rats: 0. Blood glucose and plasma insulin before and during weeks 1, 2, and 3 of gestation in wistar rats that were fed HSD2, HSD1 
FETAL PROGRAMMING OF INSULIN RESISTANCE
The amount of insulin secreted (n ϭ 23/group, % change, pmol/L) by isolated pancreatic islets in response to a glucose challenge was reduced (p Ͻ 0.0001) in male LSD offspring compared with male HSD2 offspring (HSD2 39.1 Ϯ 29.5, LSD 15.4 Ϯ 11.2).
DISCUSSION
The main new findings of the present study are that male offspring from dams that are fed an LSD during pregnancy and lactation have lower insulin sensitivity and higher plasma cholesterol and triacylglycerols compared with the offspring from mothers that are fed NSD or HSD. In addition, a higher BP was observed in adult male and female offspring of dams that consumed HSD compared with the other groups.
Male and female LSD offspring disclosed lower birth weights compared with the offspring of the other experimental groups. Low birth weight for gestational age is a sign of restricted offer of nutrients or oxygen to the fetus, which responds with slower cell division during critical periods of prenatal life (23) . The reduced delivery of nutrients and oxygen to the fetus may be related to maternal undernutrition (24) or to hemodynamic factors involving the uteroplacental complex (25) . In this study, no differences were observed in body weight among the maternal groups during pregnancy, indicating the absence of malnourishment of the dams that were fed LSD.
A possible link between maternal low salt intake during pregnancy and offspring low birth weight could be the activation of maternal RAS (26, 27) . It is known that angiotensin II inhibits trophoblast invasion, which could compromise placental function and fetal nutrition (28), leading to reduced weight at birth. In addition, Holcberg et al. (29) showed that angiotensin II increases tumor necrosis factor-␣ in the perfusate of isolated cotyledons from normal fetuses. Tumor necrosis factor-␣ is a known powerful proinflammatory cytokine that may contribute to vasoconstriction of placental vascular bed and consequent fetal ischemia (29) . Therefore, these mechanisms may be an explanation for the low birth weight in this group.
In addition to the RAS activation, low salt intake increases sympathetic nervous system activity (30), which could also provoke hemodynamic changes in the uteroplacental circulation, compromising fetal nutrition. A third effect of salt restriction that may also contribute to affect fetal nutrition is a decrease of extracellular volume and tissue perfusion including the uteroplacental complex (19) . Finally, it was also reported that the L-arginine-nitric oxide pathway activity is inhibited by low salt intake (31) . This effect may compromise placental perfusion with deleterious effects on the fetus. Therefore, several mechanisms may possibly be involved in poor fetal nutrition as a result of salt restriction during pregnancy.
Higher urinary sodium and lower urinary potassium excretion were observed on the day of weaning in male and female HSD1 and HSD2 compared with NSD and LSD offspring. Differences in the amount of milk consumed or milk sodium and potassium concentration can be ruled out as responsible for the observed differences in offspring electrolyte urinary excretion. Differences in the amount of milk consumption would affect sodium and potassium excretion in the same directions and not in opposite directions as observed. However, considering that milk consumption probably is similar among groups, sodium concentration in the milk of HSD2 dams should be 19-to 27-fold higher than in the milk from LSD dams to explain the differences in urinary excretion. To our knowledge, no mechanisms in the mammary gland are able to produce milk with such differences in electrolyte composition. Therefore, a possible explanation left is that offspring consumed their mother's diet, at least during the final period of lactation. If this is true, then some consequences of low or high salt intake in lactating offspring may be responsible for lifelong functional changes. Stimulation of the RAS and the sympathetic nervous system and inactivation of the L-arginine-nitric oxide pathway as a result of salt restriction and the opposite in response to salt 846 overload are some of the mentioned consequences. In 3-wk-old rats, it is difficult to obtain enough blood volume to evaluate circulating RAS and L-arginine-nitric oxide pathway activity. Therefore, we decided to measure 24-h urinary NOx excretion that was elevated in HSD2 male and female rats in accordance with other studies. Further studies are needed to verify whether there is a functional link between changes in L-arginine-nitric oxide pathway activity early in life and the observed changes in BP and carbohydrate and lipid metabolism in adult rats. Adult LSD offspring have the lowest insulin sensitivity and reduced pancreatic insulin secretion in response to a glucose challenge. The results of peripheral glucose uptake may not represent the real metabolic phenomenon, once hepatic glucose output was not evaluated. However, this possibility is highly unlikely because hepatic glucose release is inhibited by high circulating insulin concentration. Garafano et al. (32) showed a reduced ␤-cell mass at birth in the offspring of mothers who were subjected to food restriction during late pregnancy. The authors also showed that subsequent renutrition was followed by increased ␤-cell proliferation but insufficient to fully restore the ␤-cell mass. Because ␤-cells have a limited capacity to reproduce after weaning in rats (33) and after any postnatal period in humans (34), fetal and early postnatal undernutrition could lead to permanent changes in carbohydrate and insulin metabolism. Taking together, these observations suggest that inhibition of insulin release from pancreatic islets of the male offspring of low-salt dams could be caused, at least in part, by reduced delivery of nutrients to the fetus, but additional studies are needed to test this possibility. Glucose and insulin levels during pregnancy were higher in dams that were on LSD compared with dams that were on NSD or HSD, thus suggesting lower insulin sensitivity similar to what already has been shown in male rats (35, 36) . Because of higher plasma levels of glucose and insulin, a higher birth weight in the offspring of LSD dams was expected, similar to what is observed in diabetic mothers. However, it has to be pointed out that although dams on LSD are insulin resistant, they do not disclose glucose levels above normal. Moreover, the higher body weight in neonates of diabetic mothers is mainly caused by the high fetal insulin levels in response to elevated plasma glucose transmitted by the mother (37) . Therefore, despite that insulin levels were not measured in neonates, the mechanisms of higher body weight in neonates of diabetic mothers are possibly not operative in the model evaluated in the present study.
Birth weight was lower in male and female offspring from LSD dams. A phenomenon known as "catch-up growth" occurred because no differences in body weight were observed in 12-wk-old offspring. This phenomenon has been suggested to be associated with obesity and type 2 diabetes in adult life (38) and could be a contributing mechanism involved in the insulin resistance observed in male adult offspring of LSD dams.
The differences between male and female offspring of dams that were fed LSD during gestation are a very interesting finding of this study. However, the present study was not designed to elucidate the possible mechanisms for the observed sexual dimorphism, and new studies are necessary to elucidate this phenomenon.
Confirming previous observations (39) , in the present study, salt overload during pregnancy and lactation was associated with higher BP in adult offspring. The mechanisms that lead to increased BP in this experimental model are still not well understood, and further studies are needed to unravel them. A functional change of the RAS may be a possible explanation for the higher MBP observed in adult offspring of salt-overloaded dams. Silva et al. (39) , using a similar experimental model, detected higher renal angiotensin II content in the offspring from HSD2 dams. This enhanced renal angiotensin II could affect the pressure natriuresis setpoint, which could result in a shift of the pressure natriuresis relationship toward higher BP.
CONCLUSION
In summary, this study has shown a new association among perinatal salt restriction, low birth weight, and insulin resistance in adulthood. This finding suggests that LSD during pregnancy and lactation possibly influences fetal development and may be responsible for diseases in adult life.
